ABSTRACT. Elevated intraocular pressure is recognized as the principal risk factor for development of optic nerve head (ONH) injury. Lamina cribrosa (LC) cells and astrocytes are two types of cells in the ONH. We attempted to identify more target genes and predict their underlying molecular mechanisms. In this study, we performed meta-analysis of the data from two microarray sets containing samples from LC cells and astrocytes each. Our analysis indicated that 47 differentially expressed genes (DEGs) had been identified, and 24 of them were used to construct a bibliometric network with other related genes, including GSTT1 ENO2, CPE, PTN, PTGDS, IL6, MMP1, and EGFR. Further, our results predicted these genes might be involved in glaucoma development through Toll-like receptor signaling pathway, ErbB signaling pathway, and glioma and other cancer-related pathways. Therefore our study provides potential target genes and pathways for future therapeutic studies of glaucoma.
INTRODUCTION
Glaucoma is a form of degenerative optic neuropathy characterized by optic nerve axonal degeneration, optic nerve head (ONH) excavation, and visual field defects (Wein and Levin, 2002; Naka et al., 2010) . It is the second leading cause of blindness worldwide, affecting approximately 70 million people (Quigley and Broman, 2006) . Glaucoma is often associated with elevated intraocular pressure (IOP). Elevated IOP can induce changes in the ONH at the lamina cribrosa (LC) region, including activation of astrocytes, remodeling of the extracellular matrix (ECM), as well as inhibition of retrograde transport of neurotrophins to retinal ganglion cells (RGCs) .
Reactive astrocytes increase the expression of various cell surface molecules that play important roles in cell-cell recognition and in cellular adhesion to substrates, as well as that of various growth factors, cytokines, and receptors involved in glaucoma. For example, reactive astrocytes could express several ECM remodeling proteins such as elastin (Hernandez, 1992; Pena et al., 2001) , tenascin, and metalloproteinases (Yan et al., 2000; Agapova et al., 2003) . Increased synthesis and deposition of ECM proteins in the LC region may disrupt nutritional and mechanical support to RGC axons, resulting in RGC atrophy. Interestingly, several studies have shown that the transition of quiescent astrocytes into the reactive phenotype needs to be induced by the expression of transforming growth factor (TGF)-α and TGF-β, ciliary neurotrophic factor (CNTF), fibroblast growth factor 2, platelet-derived growth factor (PDGF), and their receptors, which, in turn, alters the expression of ECM protein (Fuchshofer, 2011) . TGF-β2 increases the expression of elastin, collagen VI α-2 chain (ColVIα2), collagen VI α-3 chain (ColVIα3), matrix metalloproteinases (MMP)-2, tissue inhibitor of metalloproteinase (TIMP)-1/-3, and plasminogen activator inhibitor (PAI-1) in the astrocytes of glaucoma patients (Neumann et al., 2008) . Treatment of ONH astrocytes and LC cells with exogenous TGF-β2 causes an increase in the synthesis and secretion of ECM protein through canonical Smad signaling pathway. Knockdown of either Smad2 or Smad3 via small interfering RNA reduces TGF-β2-stimulated ECM proteins in ONH astrocytes and LC cells (Zode et al., 2009 (Zode et al., , 2011 . In glaucoma, reactive astrocytes could migrate from the cribriform plates into the nerve bundles and synthesize neurotoxic mediators such as nitric oxide (NO) and tumor necrosis factor (TNF-α), which may be released near the axons causing neuronal damage (Miao et al., 2010) . Obstruction of anterograde and retrograde axonal transport at the ONH is also one of the initiators of the survival and death mechanisms that affect both RGC axons and cell bodies. Brain derived neurotrophic factor (BDNF) moves from the brain to the RGCs on the trkB receptor, and its retrograde transport is obstructed in acute and chronic glaucoma models (Iwabe et al., 2007) . Overexpression of BDNF delays RGC death in experimental glaucoma (Chen and Weber, 2001) . CNTF is also expressed in cells of all retinal layers and in the retinal pigment epithelium as well as in the ONH. Virally mediated overexpression of CNTF exerts a protective effect over RGC after optic nerve injury (Pease et al., 2009) .
However, the mechanism of ONH injury in glaucoma remains obscure, and more potential genes are necessary to be mined. Microarray technology has recently been applied to glaucoma models, demonstrating the upregulation and downregulation of many genes associated with ONH injury (Kompass et al., 2008; Kirwan et al., 2009 ). Meta-analysis provides a powerful tool for analyzing microarray experiments by combining data from multiple studies; it also presents unique computational challenges. Therefore, we attempted to further measure the transcription profiles of LC cells and astrocytes by meta-analysis method and predict their underlying molecular pathways. These underlying genes and pathways are potential targets for future studies of glaucoma.
MATERIAL AND METHODS
Meta-analysis is a suitable framework to conduct an objective, integrative, and comparative study of multiple related microarray gene expression profiles and analysis of differentially expressed genes (DEGs). Two glaucoma-related expression profiles GSE2378 and GSE13534 were obtained from Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih. gov/geo/), which are based on the Affymetrix Human Genome U95 Version 2 Array and Affymetrix Human Genome U133A Array, respectively.
In the GSE13534 dataset, the LC cell lines were generated from human ONH explants as described previously and supplied by Alcon Research Labs at Fort Worth, TX (Lambert et al., 2001) . The normal LC cell lines were obtained from donors with no history of eye disease and primary open-angle glaucoma (POAG) LC cell lines were obtained from donors with a documented history of POAG (Kirwan et al., 2009) . Two POAG samples and two controls were used for analysis. In the GSE2378 dataset, expression profiling was performed for the astrocytes obtained from the ONH of patients with glaucoma. The ONH is the site of damage in glaucomatous optic neuropathy. Studies suggest that damage in glaucoma is mediated by reactive astrocytes (Hernandez et al., 2002) . Seven glaucoma samples and six normal donors were used for analysis. Together, a total of nine glaucoma samples and eight controls were selected to identify DEGs in this study.
The microarray files were analyzed using the open source statistical package R version 2.12.1(http://www.r-project.org/) and Bioconductor (Gentleman et al., 2004) . For the two datasets, the RankProd package (Hong et al., 2006) and limma package (Diboun et al., 2006) were used to identify the DEGs. The DEGs with a percentage of false-positives (PFP) (Hong et al., 2006) of <0.05 and a fold change of >2 were considered differentially expressed between the samples and controls.
For showing the potential connection between DEGs, the bibliomics network was constructed. Biblio-MetReS creates networks that can be compared to those of other user-friendly tools. Furthermore, analysis of full text documents provides more complete reconstructions than those that result from using only the abstract of the document (Usie et al., 2011) .
First, register with Biblio-MetReS to be able to access the central database. Then, choose Homo sapiens as the organism to work with. There are three types of data sources to choose from, namely, General Engines (Yahoo, Live Search, Altavista, etc.), Literature Database (Medline, Pubmed, Biomed Central, etc.), and Journals (Nature, Science, etc.). Input the DEGs and choose the Literature Database (Medline and Pubmed). Once the search starts, the tool identifies the documents that contain the gene names provided by the user and their synonyms. Then, it extracts the full text from each document, and assesses it for co-occurrence of any pair of genes.
Finally, co-occurrence of any pair of DEGs is extracted, and then, the Cytoscape is used to display the connection between the DEGs. The PATHWAY database records the networks of molecular interactions in the cells, and variants of them specific to particular organisms (http://www.genome.jp/kegg/). The DAVID was used to identify overrepresented pathways by using hypergeometric distribution. The enriched pathway with a corrected p-value (FDR) of <0.01 and a count number of <2 is considered to be significant.
RESULTS
The publicly available microarray datasets GSE2378 and GSE13534 were obtained from GEO. Using the RankProd packages for the meta-analysis, 13 upregulated genes and 34 downregulated genes with a fold change of >2 and a PFP of <0.05 were considered to be differentially expressed. At last, 47 DEGs were collected after the meta-analysis.
To procure the relationships between DEGs and other genes, the bibliometric network was constructed using the Biblio-MetReS (Usie et al., 2011) to screen the Medline and Pubmed Database. A total of 24 DEGs and 370 other genes, which are not differentially expressed, displayed in the network (Figure 1 ). Leucine-rich repeat containing G protein-coupled receptor 5 (LGR5), BCL2/adenovirus E1B 19 kDa interacting protein 3 (BNIP3), interleukin 6 (IL6), enolase 2 (ENO2), thrombomodulin (THBD), and pleiotrophin (PTN) functioned as the hub genes in the network. IL6 connected directly with the fibroblast growth factor 1 (FGF1) and THBD, and indirectly with the Glutathione S-transferase theta 1 (GSTT1), MMP1, and pentraxin 3, long (PTX3). Not only are the hub genes connected to each other, EPHX1 and GSTT1 are connected directly or indirectly through glutathione S-transferase mu 1 (GSTM1), cytochrome P450, family 3, subfamily A, polypeptide 4 (CYP3A4), and peptidylprolyl isomerase G (cyclophilin G) (PPIG). To assess the significance of the network, we used the overrepresented pathways (also called pathway enrichment analysis) to identify the function of the network. To identify the relevant pathways that are altered in glaucoma, the pathway with an FDR of <0.05 and a count of >2 was marked as significant pathway by using the DAVID (Huang da et al., 2009) .
Quite a few cancer-related pathways were identified (Table 1) . Among them, Toll-like receptor signaling pathway, glioma-related pathway, and ErbB signaling pathway were considered as significant pathways based on the findings of enrichment analysis. 
DISCUSSION
Meta-analysis has proved to be a powerful tool for analyzing microarray experiments by combining data from multiple studies (Hong et al., 2006) . Based on this strategy, our analysis has focused on the significant DEGs to reveal the transcriptional responses of glaucoma samples. Our analysis indicated that 47 DEGs have been identified and 24 of them were used to construct bibliometric network with other related genes, including GSTT1, ENO2, carboxypeptidase E (CPE), PTN, prostaglandin D2 synthase 21 kDa (PTGDS), IL6, MMP1, and epidermal growth factor receptor (EGFR).
The glutathione S-transferases (GSTs) are dimeric, cytosolic enzymes that could catalyze the conjugation of multiple toxic endogenous and xenobiotic substrates with reduced glutathione. GSTs bind toxins, function as transport proteins, detoxify endogenous compounds such as peroxidized lipids, and inactivate endogenous end products formed as secondary metabolites during oxidative stress. Therefore, the GST pathway is considered one of the major mechanisms of neutralizing ROS in stressed cells. GSTT1 has been shown to be polymorphically distributed. Studies have shown that the GSTT1*0 allele corresponds to a total or partial deletion of the gene, causing deficiency in enzymatic activity and GSTT1 null genotype may be associated with increased risk of development of POAG in the Turkish (Unal et al., 2007) , Egyptian (Rasool et al., 2010) , Arab (Abu-Amero et al., 2009), and Pakistani populations.
ENO2 encodes one of the three enolase isoenzymes found in mammals, and this isoenzyme is found in mature neurons and in cells of neuronal origin. Therefore, it is also known as neuron-specific enolase (NSE). Recently, several studies have found that approximately 25% of POAG patients possess serum antibody against NSE and that maximum IOP levels in POAG patients carrying anti-NSE antibody are statistically lower than those in POAG patients not carrying the antibody. During the clinical course, the rates of presence of anti-NSE antibody are significantly higher during the early stages of POAG with visual field deterioration compared to that without it. These observations suggest that the presence of serum autoantibody against NSE may be clinically useful for predicting the progression of visual field loss in POAG patients Maruyama et al., 2002) .
The neuropeptides released by the ciliary epithelium (CE) in the aqueous humor (AH) can serve as messengers to communicate with surrounding tissues in the anterior segment of the eye. In particular, the neuropeptides released by the CE could exert communication between the inflow and outflow pathways and regulate functions, including contractility of the ciliary muscle and outflow resistance of the AH fluid. Alterations to these physiological responses are potentially important links associated with the pathophysiology of glaucoma. However, mature neuropeptides need to be processed by CPE from pro-neuropeptide. Therefore, CPE may be indirectly involved in the excavation of ONH and visual field loss, and it may eventually cause irreversible blindness (Coca-Prados and Escribano, 2007) .
PTN is an 18-kDa, heparin-binding, secretory protein that functions to induce mitogenesis, angiogenesis, differentiation, and transformation in vitro. PTN mRNA levels are found to be upregulated in the reactive astrocytes. However, the expression of Ptn gene is significantly lower in the cortical neurons 6 and 24 h after injury and is undetectable in the degenerating neurons at day 3. The absence of PTN in injured neurons may contribute to the failure of neurons to survive (Yeh et al., 1998) .
PTGDS, also known as glutathione-independent prostaglandin D synthase, catalyzes the conversion of prostaglandin H2 (PGH2) to prostaglandin D2 (PGD2), a prostaglandin involved in smooth muscle contraction/relaxation and a variety of central nervous system (CNS) functions such as IOP regulation. PTGDS is detected at significantly lower levels in AH of primary congenital glaucoma. Decreased levels of PTGDS in AH may affect the transport of retinoic acid, and consequently the development of the anterior segment structures such as the angle (Bouhenni et al., 2011) .
In addition, our results showed that some of these genes might play important roles in glaucoma through cancer-related pathways, including pathways in cancers like prostate cancer, bladder cancer, etc. Of them, the Toll-like receptor signaling pathway, ErbB signaling pathway, and glioma-related pathway were the three significant pathways.
MMP genes were enriched in pathway in cancer. MMPs are important not only for ECM turnover, but also for the interactions between cells and their surroundings. MMP1 expression has been markedly higher in the reactive astrocytes in ONH with experimental glaucoma (Agapova et al., 2003) . Recently, several single-nucleotide polymorphisms (SNPs) for MMP-encoding genes have been reported in POAG patients. A statistically significant increase in the occurrence of 2G/2G genotype as well as in 2G allele frequency of MMP1 could be observed in POAG patients compared to healthy controls (Majsterek et al., 2011) .
IL-6, Toll-like receptor 4, and Toll-like receptor 2 were enriched in Toll-like receptor signaling pathway. Altered IL-6 has been implicated in the ONH response to early elevated IOP-induced injury. IL-6 can be produced by all major cellular components of the ONH and exert axonal neuroprotective, regenerative, and proliferative responses. IL-6 can induce astro-cytic differentiation from precursor cells. In addition, IL-6 may act on ONH vascular components because IL-6 can stimulate smooth muscle cell proliferation (Johnson et al., 2011) . IL-6 levels are significantly higher in the AH of POAG patients compared to the group of patients with cataract (Ghanem et al., 2010) . In addition, Sappington et al. (2006) report that pressureconditioned medium from astrocytes reduces RGC survival by another 38% because of the decreased IL-6 level in the astrocyte medium.
Toll-like receptor proteins are a family of phylogenetically conserved receptors that recognize both self and nonself molecules, and play an important role in both innate and adaptive immunity. Recognition of pathogen-associated molecular patterns by Toll-like receptors activates signaling events that induce the expression of effector molecules such as cytokines and chemokines, which control the adaptive immune responses. Toll-like receptor 4 could interact with exogenous ligands as well as endogenous heat shock proteins (HSPs) such as HSP60, HSP70, and HSP96, but Toll-like receptor2 only recognizes endogenous HSPs, which are noted to show increased expression in the ONH and as potential candidates for glaucoma antigens (Nakamura et al., 2009) . Multiple SNPs in the Toll-like receptor 4 gene are associated with the risk of glaucoma development. This finding suggests that the ligands and/or cytokines involved in the Toll-like receptor 4 signaling network may be risk factors for development of glaucoma (Shibuya et al., 2008) .
EGFR was enriched in ErBb pathway and glioma-related pathway. Screening the regulatory pathways of reactive astrocytes, EGFR and ErBb pathways have been shown to have an upstream signal of astrocytes in response to elevated hydrostatic pressure and causes optic nerve astrocytes to express NO synthase and cyclooxygenase-2, change shape, express increased levels of glial fibrillary acidic protein (GFAP), modify the ECM, and proliferate. EGFR (HER, c-erbB1) belongs to a family of transmembrane receptors with intrinsic tyrosine kinase activity. Rapid upregulation of EGFR and its ligands occurs in the astrocytes of optic nerves in patients with glaucoma. Approximately one-third of glioblastomas have EGFR amplifications (Hayashi et al., 2004) . A recent study shows that administration of EGFR tyrosine kinase inhibitor promotes significant regeneration of injured optic nerve fibers and prevents the loss of RGCs in a model of glaucomatous optic neuropathy (Liu et al., 2006) .
In conclusion, we have used meta-analysis to analyze the whole genome transcription profile of LC cells and astrocytes. Our analysis indicated several DEGs might play crucial roles in the development of glaucoma, including GSTT1, ENO2, CPE, PTN, PTGDS, IL6, MMP1, and EGFR. Further, our results predicted these genes might be involved in glaucoma development through Toll-like receptor signaling pathway, ErbB signaling pathway, glioma and other cancer-related pathways. We anticipate numerous advances in glaucoma research in the coming years based on our meta-analysis findings.
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